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produces lactic acid, inhibits C. bombi via a pH-mediated effect. 23
Consistent with our hypothesis, Lactobacillus bombicola spent medium inhibited C. bombi 24 growth via a reduction in pH that was both necessary and sufficient for inhibition. Inhibition of all 25 parasite strains occurred within the pH range previously observed in honey bee guts, though sensitivity 26 to acidity varied among parasite strains. Spent medium was slightly more potent than HCl, D-, and L-27 lactic acids for a given pH, suggesting that other metabolites also contribute to inhibitory effects. Our 28 results implicate symbiont-mediated reduction in gut pH as a key determinant of trypanosomatid 29 infection in bees. Future investigation into in vivo effects of gut microbial composition on pH and 30 infection intensity would help determine the relevance of these findings for bees threatened by 31 trypanosomatids. 32 the bumble bee microbiota reduces infection with trypanosomatid parasites, but how inhibition occurs 38 remains unknown. We show that the acidic spent medium from a common bumble bee gut symbiont, 39
Lactobacillus bombicola, inhibits in vitro growth of the trypanosomatid gut parasite, Crithidia bombi. The 40 acidity of the spent medium was both necessary and sufficient for parasite inhibition. Inhibitory pH 41 values were within the range documented in honey bee guts, suggesting that pH-mediated parasite 42 inhibition is plausible in live bees. Results suggest that production of acids by sugar-fermenting 43 symbionts confers pH-mediated resistance to infection in bees, whereas depletion of core microbiota 44 could result in low-acid conditions that favor parasite growth. 45 4 INTRODUCTION 47 Both animals and plants associate with symbiotic bacterial communities that provide functional 48 benefits to their hosts (1). The gut microbiota comprise some of the largest and most well-studied 49 communities of host-associated symbionts (2). The bacterial communities that colonize the gut and skin 50 epithelia interact directly with potential pathogens in the environment, and can influence infection by 51 stimulation of the host immune system, competition for space and nutrients, and production of 52 inhibitory substances such as organic acids and bacteriocins (3-6). Interactions between the gut 53 microbiota and pathogens of bees is an emerging area of research with both fundamental and applied 54 importance (6, 7). Elucidation of the antipathogenic potential of the bee microbiota may ultimately help 55 to preserve the pollination services provided by both wild and managed bees, which improve yields of 56 over two-thirds of common agricultural crops (8) and contribute to the >$150B per year in economic 57 value supplied by animal pollination (9). 58
The gut microbiota of corbiculate ("pollen basket") bees, including honey and bumble bees, 59 comprises a common core of five bacterial clades: Snodgrassella (Betaproteobacteria), Gilliamella 60 (Gammaproteobacteria), Bifidobacterium, and Lactobacillus clades "Firmicutes-4" and "Firmicutes-5" 61 (10). In addition to these core symbionts, bees may be infected by a variety of bacterial, fungal, 62 protozoal, and viral pathogens (11), many of which are shared between wild and managed bees (12), 63 can elevate mortality (13), and have been implicated in declines of bee populations on multiple 64 continents (14-16). Both core and non-core microbiota have been found to stimulate immunity and 65 enhance bee resistance to pathogens (6, (17) (18) (19) . For example, depletion or perturbation of the gut 66 microbiota increased the severity of bacterial, fungal, and protozoal infections in honey bees (6, 18, 20) , 67 whereas supplementation with core and hive-associated bacteria improved survival of infected larvae 68 and adults (18, 21, 22) . Several studies have shown direct inhibitory effects of gut and hive-associated 69
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The gut microbiota of bumble bees (Bombus spp.) has been repeatedly associated with 72 resistance to infection with the trypanosomatid gut parasite Crithidia bombi (26) (27) (28) (29) . This parasite has a 73 variety of negative effects on bees. Symptoms include reduced rates of foraging, pollen collection, and 74 learning for worker bees (30-32); and reduced winter survival and spring nest-founding success for 75 queen bees (33). Infection with C. bombi can also exacerbate susceptibility to co-occurring stressors 76 such as starvation, pesticides (34), and nectar alkaloids (35). Trypanosomatid infections appear to be 77 common in corbiculate bees, afflicting over half of individuals in some honey and bumble bee 78 populations (36, 37), and have been correlated with honey bee colony collapses (37, 38) and native 79 bumble bee declines (15). Both the presence and composition of the bumble bee microbiota may 80 improve resistance to C. bombi. For example, germ-free rearing conditions and treatment with 81 antibiotics both resulted in higher infection intensity in B. terrestris (26, 39) . In contrast, absolute and 82 relative abundance of select core gut bacteria were correlated with resistance to infection in both field 83 surveys and fecal transplant experiments (26, 27, 29, 39) . Just 3 taxa-Snodgrassella, GIlliamella, and 84
Lactobacillus Firm-5-generally account for over 80% of the total gut bacteria in bumble bees (26, 29, 85 40). In both B. terrestris and B. impatiens, inoculation with microbiota rich in Lactobacillus Firm-5 86 resulted in resistance to C. bombi infection (26, 29). However, no study has examined the mechanisms 87 by which these microbes influence parasite growth. 88
Lactobacillus Firm-5 is a group of lactic acid-producing bacteria (41). One way that they might 89 increase host resistance to parasites is via modification of gut chemistry. Lactic acid fermentation results 90 in production of organic acids that lower pH and inhibit growth of organisms that cause spoilage and 91 infection (42-45). Indeed, lactic acid bacteria have a long history of use in food preservation in both These metabolites, which include lactic acid and bacteriocins (45) , may reduce the suitability of the gut 97 environment for pathogens. 98
In the bee gut, Lactobacillus Firm-5 has been shown to have a disproportionately large effect on 99 gut metabolomics. In honey bees, mono-inoculation with Firm-5 accounted for over 80% of the changes 100 seen in bees inoculated with a full complement of gut microbes (51). Firm-5 isolates also showed in vitro 101 inhibitory activity against the pathogens Paenibacillus larvae and Melisococcus plutonius (24). The high 102 relative abundance of the Firm-5 clade in bumble bees (often >30% total bacteria (26, 40)), combined 103 with its consistent association with resistance to trypanosomatid infection, suggests that Lactobacillus 104 Firm-5 plays a major role in bumble bee resistance to trypanosomatid parasites. 105
We hypothesized that Lactobacillus Firm-5 enhances resistance to trypanosomatid parasites 106 primarily by modifying the pH of the enteric environment. To test this hypothesis, we measured the 107 inhibitory effects of spent medium from Lactobacillus bombicola, a member of the Firmicutes-5 clade 108 that is ubiquitous in the gut microbiota of corbiculate bees, including Bombus spp. (10, 24, 40), on in 109 vitro growth of several strains of C. bombi. We predicted that spent medium from L. bombicola would 110 inhibit C. bombi growth, that the acidity of spent medium would be both necessary and sufficient to 111 account for parasite inhibition, and that C. bombi strains would vary in sensitivity to spent medium. 112 
RESULTS

114
Overview of experiments. Three experiments were conducted to evaluate effects of spent 115 medium from L. bombicola cultures on growth of C. bombi. Spent medium was generated by growth of 116 L. bombicola in MRS broth for 3 d, followed by sterile filtration to remove live cells. For C. bombi growth 117 assays, the MRS-based spent medium (or MRS broth control) was diluted 1:1 in fresh, Crithidia-specific 118 "FPFB" medium (52). The Neutralization Experiment tested whether spent medium would inhibit 119 growth, and whether acidity of the spent medium was necessary or sufficient for inhibition. The 120 Acidification Experiment tested for variation in pH-dependent growth inhibition due to various sources 121 of acidity. The Strain Variation Experiment tested for variation in sensitivity to spent medium among 122 different parasite strains. 123
Neutralization Experiment: acidity-dependent inhibition of C. bombi by spent medium. We 124 found that L. bombicola spent medium completely inhibited growth of C. bombi cell cultures ( Figure 1 ). 125
However, neutralized spent medium had no inhibitory effect, indicating that acidity of the spent 126 medium was necessary for inhibition ( Figure 1 ). Moreover, acidification of fresh (Lactobacillus-specific) 127 MRS medium to pH 4.8 with L-lactic acid led to a level of growth inhibition that was comparable to that 128 caused by pH 4.8 spent medium ( Figure 1 ). This demonstrated that spent medium from L. bombicola 129 inhibited C. bombi growth, and that changes in pH were necessary and qualitatively sufficient to account 130 for this inhibition. 131
pH mediates inhibition of a bee parasite by symbionts 8 log-logistic models to estimate and compare the EC50 pH (i.e., the pH that inhibited growth by 50% 137 relative to the unacidified control treatment) for each source of acidity. All four sources of acidity 138 resulted in qualitatively similar inhibition of C. bombi (Figure 2A ), with considerable inhibition achieved 139 within the pH range previously measured in honey bee guts (vertical lines in Figure 2A , from (54)). 140
However, the EC50 pH varied somewhat across sources of acidity, with a hierarchy of pH-dependent 141 inhibitory potency in the order HCl < L-lactic acid < D-lactic acid < spent medium ( Figure 2B , see 142 Table S1 for table of EC50 values and Supplementary Data S1 for model 143 parameters, confidence intervals on EC50 ratios, and raw data). An additional experiment with a second 144 C. bombi strain ('IL13.2') confirmed the greater potency of spent medium relative to HCl-acidified 145 medium across multiple parasite genotypes (Supplementary Figure 2) . 146
Supplementary Information
Strain Variation Experiment: sensitivity to spent medium differs across C. bombi strains and 147
rate of growth in culture ( Figure 3) . We tested the dose-dependent effects of spent medium across 148 three C. bombi strains, including two lines of strain VT1-the line that had been used for the above 149 experiments and kept in continuous culture over the preceding 3 months ("VT1*), and a second line that 150 had been thawed 20 d prior to the experiment ("VT1"). Values for EC50 pH showed statistically and 151 biologically meaningful variation across cell lines ( Figure 3 ). The line most thoroughly acclimated to the 152 culturing conditions, VT1*, exhibited both the fastest growth ( Figure 3A ) and the lowest sensitivity to 153 spent medium, as indicated by its low EC50 pH value ( Figure 3B ); strain IL13.2 exhibited the second-154 fastest growth and the second-lowest sensitivity to spent medium. Strains VT1 and S08.1 had similar 155 growth rates in the absence of spent medium ( Figure 3A) , but had significantly different EC50 pH values 156 ( Figure 3B ; see Supplementary Information Table S1 for table of EC50 values and Supplementary Data S1  157 for model parameters, confidence intervals on EC50 ratios, and raw data). All C. bombi strains suffered 158 growth inhibition within the pH range (5.2-6.0) documented in the honey bee hindgut (54) ( Figure 3A (58, 59). In honey bees, microbial colonization with core symbionts resulted in acidification of the 176 hindgut lumen (54). In our cell culture experiments, a reduction in pH that corresponds to the 177 difference between guts of germ-free (pH ~6.0) and normal, hive-reared honey bees (pH ~5.2 (54)) 178 profoundly inhibited growth of C. bombi. Our findings indicate that symbiont-mediated gut acidification 179 could act as an important filter that prevents trypanosomatid establishment and defends bees against 180 infection.
Spent medium was more strongly inhibitory than expected based on pH alone. Whereas all 182
four tested acids inhibited C. bombi in a dose-dependent fashion, the EC50 pH varied across sources of 183 acidity (Figure 2 ). Both enantiomers of lactic acid were more inhibitory than HCl for a given pH. This 184 finding is consistent with prior work on bacteria, which showed growth inhibition at relatively high pH 185 when lactic acid, rather than HCl, is used as the acidulant (42, 43). For example, the inhibitory pH of E. 186 coli was 0.1 pH units higher with lactic acid, rather than HCl, as the acidulant (43). This increased activity 187 reflects the fact that lactic acid and other weak acids are undissociated at low pH, which allows them to 188 penetrate membranes of target cells with relative ease. Once inside the relatively alkaline cytoplasm of 189 the cell, the acid dissociates, and disrupts the proton motive force necessary for energy production and 190 homeostasis (44). 191
We also found very slightly but significantly higher potency of D-lactic acid relative to L-lactic 192 acid (Figure 2 ). L-lactic acid is the enantiomer more often produced by trypanosomatids, including by 193
Leishmania species that are closely related to C. bombi (60), and L-lactic acid dehydrogenase has been 194 found in the genome of honey bee-infective trypanosomatids (61). It is possible that C. bombi can use 195 oxidative phosphorylation (60) to metabolize this enantiomer, and thereby reduce its toxicity, or that 196 they have greater resistance to the enantiomer that they produce through their own metabolism. For 197 example, L. bulgaricus produced D-lactic acid, and were less inhibited by this self-generated enantiomer 198 than by L-lactic acid (62). 199
Prior measurements of the pH range and sources of acidity in honey bee gut both indicate that 200 pH-mediated inhibition of trypanosomatids is achievable for corbiculate bees. The pH of a symbiont-201 colonized honey bee hindgut (~5.2 (54)) was similar to the EC50 pH for HCl (5.18) and lower than the 202 EC50 pH due to spent medium (5.29) . In vitro, L. bombicola produced exclusively D-lactic acid (53), which 203 was the most inhibitory (i.e., highest EC50 pH) of the pure acids tested here (Fig 3) . Moreover, the 204 Palmer-Young et al.
pH mediates inhibition of a bee parasite by symbionts 11 specific acids that are found in the gut environment are generally more inhibitory for a given pH than 205 those tested here. In the honey bee hindgut, the most abundant acids were acetic acid and succinic acid 206 (54). Both acetic acid (pKa = 4.95) and succinic acid (pKa = 4.2 for first deprotonation and 5.6 for second 207 deprotonation) have relatively high pKa's relative to lactic acid (pKa = 3.86) and HCl (pKa = -7). These 208 high pKa values mean that at low pH, the acids are found in their more potent, undissociated form. As a 209 result, these high-pKa acids generally have antimicrobial effects that are even stronger than those of 210 lactic acid for a given pH (42). Indeed, lactic and acetic acids can have synergistic effects against growth 211 of E. coli (42), with lactic acid producing a low pH that increases the fraction of undissociated acetic acid 212 (42). 213 Spent medium was slightly more inhibitory than all pure acids for a given pH (Figure 3 ). Because 214 neutralization completely removed the inhibitory activity of spent medium, it appears that some aspect 215 of the spent medium-whether the existence of some metabolite or the relative lack of nutrients-is 216 only inhibitory at low pH. In other words, something about the spent medium is potentiated by an acidic 217 environment. For example, low pH could facilitate solubility or penetration of non-lactic acid 218 components, such as bacteriocins; this type of synergy was seen in other studies of Lactobacillus spp. 219 (63, 64). Within the bee gut, synergistic effects could also occur between organic acids and toxins 220 produced by other members of the microbiota (41, 65). 221
Strains varied in sensitivity to spent medium. We found that sensitivity to spent medium 222 varied by C. bombi strain and rate of growth in culture. Strain VT1 that had been in continuous culture 223 for 3 months and had the fastest growth rate was the least sensitive to spent medium, followed by the 224 next-fastest strain IL13.2, the recently thawed line of Strain VT1, and strain S08.1. The comparison 225 between the recently thawed VT1 and S08.1 strains-which had similar maximal growth rates, but 226 different levels of sensitivity to spent medium-indicates that differences in pH sensitivity have a genotypic as well as environmental basis and are not purely driven by the overall growth rate in culture. 228
Strains of C. bombi have been shown to be both genetically and phenotypically diverse, and to vary in 229 growth rate (66), infectivity (67), and responses to host diet composition (68), phytochemicals (69), and 230 microbiota (26). Our study documents variation in pH sensitivity within an ecologically relevant range of 231 pH that is likely representative of the environment in the bumble bee gut. 232
Our results showed some growth inhibition of all strains-and complete inhibition of some 233 strains-within the pH range measured in the gut of honey bees (54). The pH found in a germ-free gut 234 Gilliamella (51), rather than inhibitory effects of Snodgrassella per se. Snodgrassella and Gilliamella form 266 a biofilm that lines the ileum (71) and could competitively inhibit trypanosomatid attachment to the gut 267 wall (55, 73). Further study would be needed to determine the relative contributions of gut acidification 268 versus biofilm formation to microbiota-induced inhibition of parasites in bee guts. It would be intriguing 269 to investigate how Snodgrassella abundance alters gut pH, and whether the effects of this symbiont on 270 gut pH are outweighed by its direct competition with trypanosomatids for space along the gut wall, or 271 by its contribution to anoxic gut environments (54) that can be toxic to insect gut trypanosomatids (60). 272
Because Apis and Bombus share a core gut microbiota (74, 75), we hypothesize that trypanosomatid parasites of honey bees (55) and bumble bees interact with similar communities of gut symbionts, and 274 that the same pH-altering symbiont taxa could govern parasite establishment in both host genera. 275 Do gut microbiota shape resistance to opportunistic infection via alteration of gut pH? In the 276 context of prior experiments, our results suggest a pH-mediated role of the bee microbial community, 277 both in the hive and the gut itself, in defense against opportunistic infection. Multiple studies have 278 correlated lack of core gut bacteria, or abundance of non-core bacteria, with bee infection. In North 279 America and Europe, high diversity of non-core bacterial species correlated with higher prevalence of 280 the pathogens Crithidia and Nosema (27, 28) . Similarly, in a survey of Bombus spp. in China, bees could 281 be grouped into two microbial enterotypes (70). One of these enterotypes was less variable and 282 dominated by core symbionts Snodgrassella and Gilliamella. In contrast, the other enterotype was 283 highly variable and comprised non-core Hafnia, Enterobacteriaceae, and Serratia, The latter two are 284 thought to be opportunistic pathogens (6, 16). Finally, higher susceptibility to pathogens was found in 285 germ-free honey and bumble bees (6, 18, 29, 39). The acidification of the bee gut lumen by symbionts 286 (54) could explain how a strong core microbiota resists invasion by pathogens. This hypothesis is 287 consistent with the dominant role of pH in determination of bacterial communities in soil (58, 59), and 288 correlations between low gastric acidity and opportunistic infection in human subjects (76). However, 289 other explanations for the effects of core gut microbiota on parasites-such as physical competition for 290 space and resources, enhancement of the immune response, and improvement of host nutritional 291 status (6)-also deserve consideration. It is possible that different microbial assemblages are optimal for 292 different functions. For example, a microbiome that produces abundant acids might be optimal for 293 direct defense against parasites, whereas other community compositions might be provide more 294 benefits to immune system regulation, or to nutritional sufficiency that improves resistance or tolerance 295 to infection (33, 77). Further research is needed to investigate variation in gut pH within and across species, and possible causative relationships between microbiome composition and bee health under 297 different environmental circumstances. 298
Conclusion. Our results build on prior associations between microbiome and infection intensity 299
to provide mechanistic insights into how the bee gut microbiota are likely to influence trypanosomatid 300 infection in bumble bees and possibly other corbiculate bee species. We have shown that symbiont-301 mediated reductions in pH constrain parasite growth in culture; that inhibitory pH in vitro varies 302 according to parasite strain and level of acclimation to culture conditions; and that the range of variation 303 in inhibitory pH was within the range of pH measured in the honey bee gut (54). These findings suggest 304 that the pH of the gut environment may be a critical determinant of trypanosomatid growth in vivo, a 305 hypothesis that could be tested in both manipulative and observational studies that relate gut pH to 306 trypanosomatid establishment. The role of gut pH in resistance to other enteric pathogens, and the 307 selective forces acting on symbionts and parasites to create and tolerate different levels of acidity, 308 warrants further study as part of continued investigations into the functional significance of the bee 309 microbiome. 310 The Neutralization and Acidification Experiments were performed with a line of strain "VT1" that 327 had been in continuous culture for 2 months at the start of the experiments presented here, with 328 transfers to fresh medium every 3-4 d. This line is referred to as "VT1*" in the Multi-Strain Experiment, 329 to differentiate it from the more recently thawed line of the same strain. All other strains in the Multi-330
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Strain Experiment were thawed 20 d prior to the assay and transferred to fresh medium every 3-7 d, 331 depending on growth. 332 Generation of spent medium. To generate spent medium, L. bombicola aliquots were 333 transferred to 8 mL fresh medium and grown in screw-cap 14 mL conical tubes at 27 °C for 3 d. The 334 resulting spent medium (net OD 630 nm = 0.500-0.700) was sterile-filtered through a 0.22 µm membrane 335 and stored at -20 °C until use in experiments (not more than 2 weeks). Fresh MRS medium, incubated 336 under identical conditions, was used as a control. 337 Neutralization Experiment. To evaluate the inhibitory effects of spent medium, neutralized 338 spent medium, and acidified fresh medium, growth of C. bombi was compared across four MRS-based 339 treatments: Spent medium ("Spent", initial pH 4.8), spent medium neutralized to pH 6.2 with 1 M NaOH 340 ("Neutralized spent"), fresh MRS medium ("Fresh", pH 6.2), and fresh MRS medium acidified to pH 4.8 Figure 1) . Therefore, the rate of growth (log 2 (OD/OD 0 )/t) 375 over the first incubation interval (0-21 h) was used as the response variable for the dose-response 376 models. A log-logistic function, with the lower asymptote fixed at 0, was fitted to the growth 377 measurements for each acidification treatment (Acidification Experiment) or cell line (Strain Variation 378 Experiment), using final pH of the treatment medium at the start of the experiment (i.e., after 379 combination of the MRS-based treatment with an equal volume FPFB medium) as the predictor variable. 380
The 95% confidence intervals for EC50 pH (i.e., the pH that inhibited growth by 50% relative to the 381 unacidified control treatment), and 95% CI's for ratios of EC50 pH among acidification treatments and 382 strains, were estimated using the delta method (drc function EDcomp (80)). Acidification treatments and 383 strains were considered significantly different when the 95% confidence interval for the ratio of their 384 EC50 pH values did not include 1. 385
